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Abstract
A theoretical framework is presented for calculating the opto-acoustic response of optical ﬁber ultrasound sensors with several
layers of coating. A harmonic point source generating a spherical wavefront with arbitrary position and frequency is assumed. The
ﬁber is acoustically modeled by a layered cylinder on which spherical waves are scattered. The principle strains on the ﬁber axis
are calculated from the scattering of the acoustic waves and used in a strain-optic model to calculate the phase shift of the guided
modes. The theoretical results are compared to experimental data obtained with a sensing element based on a π-phase-shifted ﬁber
Bragg grating and with photoacoustically generated ultrasonic signals.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientiﬁc Committee of 2015 ICU Metz.
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1. Introduction
Optical ﬁber-based sensing of ultrasound is a well-established alternative technique to classical ultrasound detec-
tion, with e.g. hydrophones, and regularly used to detect waves up to tens of megahertz. The measurement principle
is based on the changes of the refractive index in the optical ﬁber core due to mechanical stresses/strains [Wild and
Hinckley (2008); Flax et al. (1982); Cole et al. (1977); Jarzynski et al. (1981)]. Recently, optical ﬁbers found their
application in biomedicine to detect photoacoustically generated ultrasonic waves in tissue [Gru¨n et al. (2010, 2009);
Rosenthal et al. (2011c, 2012); Berer et al. (2012); Veres and Kollar (2002)]. In photoacoustic imaging the imaged
object is naturally represented by a ﬁnite sum of point-like acoustic sources, and the resulting wavefront may be de-
scribed by a ﬁnite sum of spherical waves. Therefore, knowledge of the response of the sensor to point sources allows
enhancing the reconstruction process by incorporation of this information, e.g., in a model-based inversion algorithm
[Rosenthal et al. (2011a)]. Experimental estimation of the response using point-like acoustic sources [Rosenthal et al.
(2011b); Caballero et al. (2013)] are, however, unreliable for a suﬃcient calibration and the incorporation of acoustic
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modeling [Veres and Berer (2012); Veres (2010); Veres et al. (2011)] is a promising approach to achieve a better
estimation of the response.
Optical ﬁbers were already characterized as hydrophones for normally [Cole et al. (1977)] and obliquely [Dorighi
et al. (1997)] incident plane waves. Although, scattering of spherical acoustic waves on a cylinder was treated in
the literature [Piquette (1986); Li and Ueda (1990)]. due to their mathematical complexity these solutions did not
ﬁnd their way into practical applications. To evaluate the frequency response of a coated optical ﬁber to an incident
spherical wave, ﬁrst a fundamental solution to the scattering of plane waves from a layered cylinder is obtained by
using the transfer matrix method for cylindrical geometries [Huang et al. (1996)]. Then the incident spherical wave is
described in cylindrical coordinates by using an integral representation [Piquette (1986); Li and Ueda (1990)] which
allows the evaluation of the acoustically induced strains using the fundamental solution. Finally, the response of the
optical ﬁber is calculated as the integrated phase shift of the propagating light due to the acousto-optical coupling.
The analytically calculated response of the ﬁber is compared to experimentally measured responses. Experimental
responses are recorded by using a π-shifted ﬁber Bragg grating (FBG) sensor similar as described in [Rosenthal et al.
(2011c)]. Photoacoustically generated ultrasonic signals originating from a microsphere are acquired with the FBG
sensor and compared to analytically obtained results.
2. Solution of the scattering problem
A fundamental solution of the scattering of incident plane waves from a multilayered cylinder embedded in a
nonviscous ﬂuid is given in [Huang et al. (1996); Veres et al. (2014)]. For an arbitrary layer j in cylindrical coordinates
(r, θ, z) they can be represented by an expansion of Bessel functions. This solution can be modiﬁed to describe a
spherical wavefront in cylindrical coordinates originating from a point source [Li and Ueda (1990)]. The resulting
normal strains on the ﬁber axis can be expressed by using the normal strains calculated from the incident plane wave
[Veres et al. (2014)]:
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where the propagation constants are expressed as k jlr =
√
(k jl )
2 − λ2 and k jtr =
√
(k jt )2 − λ2 with k jl , k jt being the
longitudinal and shear wave numbers and λ is the wave number along the axis of the cylinder. The integrals are
inﬁnite along the real λ−axis. This integration is carried out by using a numerical technique with ﬁnite limits [Veres
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Fig. 1. (a) Experimental arrangement: an opto-acoustical source (R = 50 μm) is scanned parallel to a FBG sensor in a distance of d. (b) Integrated
response of the ﬁber by the combined phase shifts along 15◦ and 30◦ compared to experimental results. (c) Response of the ﬁber by shifting the
source parallel to the ﬁber axis. The strains are normalized to |ε3 | for the d = 1.1, mm..
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et al. (2014)] truncated for a region |λ| ≤ kw = ω/cw. The integrals were evaluated by using an adaptive Simpson
integration rule for frequencies between 0.5 MHz< f <35 MHz with 50 kHz frequency steps to obtain the response
of the ﬁber.
3. Response of the ﬁber
The normal strains along the ﬁber axis (ε3) and in two orthogonal directions within the plane of the ﬁber cross-
section (ε1,2) lead to a phase shift of the propagating light in the ﬁber core. Two eﬀects must be taken into account
[Wild and Hinckley (2008)]: The change of the length of the detector and the variation of the refractive index. The
total response of the ﬁber-based sensor is therefore given as [Berer et al. (2012); Dorighi et al. (1997)]:
Δβ1,2 = 2K0n
∫ L/2
−L/2
[
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2
2
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))]
dz, (2)
whereby K0 is the free-space wave number of light, L is the detection length and Δn is the variation of the refractive
index of the ﬁber core n.
A π-phase-shifted Fiber-Bragg-Grating (FBG)-based sensor (TeraXion Inc., Quebec, Canada) with an eﬀective
sensing length of 350 μm and with a coupling constant of approximately κ = 2 mm−1 was used for the experimental
characterization (Fig.1). The ﬁber had a two-layer coating of Acrylate (DSL 950-200, Desotech) and Teﬂon (applied
properties can be found in [Veres et al. (2014)]). The optical ﬁber was a polarization maintaining PANDA ﬁber and
the polarization state was along the slow axis of the ﬁber with an unknown relative angle α between the polarization
direction and the source. A dark polyethylene microsphere was illuminated with optical pulses with 8 ns duration
which led to the generation of acoustic waves in water due to the opto-acoustic eﬀect. The frequency content of the
opto-acoustic waveform of the applied microsphere possesses a main envelope up to ∼ 30 MHz [Veres et al. (2014)].
This source was scanned within the y − z plane, and the signal measured by the detector recorded for each position.
The spatial variation of the sensitivity of the FBG S FBG (zn) and the well-deﬁned frequency content of the photoa-
coustic source S source (ω) are included in the presented model. The spatially varying sensitivity is considered in the
response as a weighting function and the frequency content of the source by a frequency domain multiplication of the
calculated response. The phase shift of the light along an arbitrary axis with angle α is given as:
Δβintα = Δβ
int
1 sin
2 α + Δβint2 cos
2 α, with: Δβint1,2 =
N∑
n=−N
Δβ1,2 (ω, zn) S FBG (zn) S source (ω) . (3)
4. Results and discussion
Using this technique the integrating response of the ﬁber was evaluated for a source distance of d = 1.1 mm.
The results are presented in Fig.1; the experimentally observed phase shift Δβexpt is compared to the combined phase
shift Δβα with α = 15 and 30◦. The dominant longitudinal strains at low frequencies lead to two large peaks in the
responses Δβ1,2 at ∼ 2 MHz and 5 MHz [Fig.1(a)]. Above ∼ 10 MHz the inﬂuence of the longitudinal strains (and
therefore of the guided longitudinal waves) becomes negligible and the response is governed by the transverse strains.
The two major peaks in the response at low frequencies are present also in the experimental data which is followed
by overlapping resonances between 10-20 MHz. Although, the width of the ﬁrst two major peaks are diﬀerent in
the experiment and in the calculation, Δβ30◦ shows a reasonable qualitative agreement with the experimental result
(Δβexpt).
Experiments were carried out also by shifting the source horizontally to z = 0.25 mm. i.e. the spatial variation
of the sensitivity S FBG (zn) was not central with respect to the source location. The shift of the source led to a
smaller response and also several transverse resonances became stronger in the range of 10 MHz. The experimentally
observed phase shift Δβexpt shows a particularly good agreement with the combined phase shift Δβα for α = 30◦ in
Fig.1(b).
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5. Conclusion
In the presented paper experimentally measured responses of a double layered optical ﬁber were compared to
theoretically calculated acoustic responses. A π-shifted ﬁber Bragg grating sensor with spatially varying sensitivity
was used to detect acoustic waves from a photo-acoustic source. The results show that the response of the ﬁber is a
combination of the change in the length of the sensor and the variation of the refractive index in the core. Longitudinal
guided waves are responsible for the ﬁrst eﬀect which leads to two major peaks at low frequencies (<10MHz). For
higher frequencies the second eﬀect dominates the response as the result of transverse resonances of the cross-section
of the ﬁber. The experimental and analytical results show a reasonable agreement.
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